Diuretic drugs have been the subject of intensive investigation and speculation, owing to their importance in therapy. Since it was known that the diuretics act to inhibit the reabsorption of sodium chloride by the renal tubules, studies were aimed at elucidating the mechanism of transport of salt in the kidney and how the drugs affect it. Generally the emphasis was on active sodium transport, which was believed to be the primary process. Ussing and Zerahn [1] had shown that absorption of salt through frog skin is driven by active transport of sodium. The sodium transport causes a voltage which is negative outside the frog. Chloride transport is passive, driven by the voltage. In the segments of the nephron that were first studied directly by micropuncture, the mechanism of salt transport was apparently similar to that in frog skin. The most important finding was that the voltage across both proximal and distal tubules was negative in the lumen (corresponding to the outside of the frog). Later, some suggested that there might also be active chloride transport in proximal [2] and distal [3] tubules, but the conclusion was controversial and even its advocates believed that the active chloride transport, if any, was ancillary to active sodium transport.
With certain notable exceptions [4, 5] , investigators also believed that diuretic drugs cause natruiresis by inhibiting the active sodium transport across renal tubules. In order to analyze the actions of the drugs, their effects were tested on various nonrenal tissues such as frog skin and toad bladder that actively transport sodium and are more easily studied than are kidney tubules. The results were disappointing. The sodium-transporting tissues are not very sensitive to diuretic drugs, and, although high concentrations of the drugs have effects, these are difficult to relate back to the kidney. There was considerable progress in developing better diuretics, but this was empirical, based on the synthesis and testing of chemical analogues of known diuretics, and was not guided to an important extent by principles deduced from investigation of the mechanism of drug action.
In addition, the studies of the action of diuretic drugs which emphasized sodium transport failed to address an important problem. Sodium transport is ubiquitous in the body, and, if it were inhibited to even a minor degree in such tissues as nerve, the result could be alarming. Therefore, how do diuretics inhibit sodium transport so extensively in the kidney and yet have so little effect elsewhere in the body?
As evidenced elsewhere in this symposium, contemporary studies continue to support the traditional belief that active sodium transport is the basic process in proximal tubules, distal convoluted tubules and the collecting ducts. However, the findings in the thick ascending limb of Henle's loop or, as we prefer to call it, the "diluting segment" are in striking disagreement with the traditional concept. In this segment it is now apparent that active chloride ' The nephron segments, as first identified by the anatomists, were given names that are cumbersome (i.e., "thin ascending limb of Henle's loop") or literally incorrect (i.e., "proximal straight tubule" for a segment which is hardly straight at all in juxtamedullary nephrons). At present it would be futile to try to improve nomenclature, even if agreement were possible. A desirable change, however, is in the name "thick ascending limb of Henle's loop," which is named both after an anatomist and after its location in the mammalian kidney. The functionally identical segment is present in amphibia [6] which, of course, do not have a loop of Henle. Since it makes more sense to have the same name for the segment in both orders, I have suggested calling it the "diluting segment" which is concise and descriptive. The name is appropriate since the bulk of urinary dilution occurs in this segment in both orders and the diluting function is invariant despite the diuretic state of the animal. I do not mean to imply that it is the only segment in which the urine is diluted. The urine is diluted in various other distal nephron segments (in the absence of antidiuretic hormone), but dilution in the other segments is less important quantitatively than in the "diluting segment' transport, rather than sodium transport, is the primary event, and that the major effect of several important diuretics is to inhibit the active chloride transport, rather than sodium transport, as pre-
In what follows, 1 will first review the evidence that there is active chloride transport in the diluting segment, then discuss the effects of some diuretic drugs on this chloride transport.
Mechanism of sodium chloride transport in the diluting segment
The function of the diluting segment was initially deduced from micropuncture studies. Tubule fluid, sampled from the beginning of the distal convoluted tubule, was found to be dilute and to contain a low concentration of sodium (30 to 60 mEq liter') in rats [7] , dogs [8] and monkeys [9] . It was recognized that the dilution must be due to reabsorption of sodium in excess of water in the diluting segment which immediately precedes the distal tubule. The fluid at the beginning of the distal convoluted tubule was dilute regardless of the state of hydration of the animals and whether the urine was concentrated or not.
Since the diluting segment does not lie on the surface of the kidney, it could not be studied directly by micropuncture. Direct studies were accomplished by dissecting it from the kidney and perfusing it in vitro.
First, tubules from rabbits were studied [10, 1 11,2 then those from various amphibia [6] . It was found that the permeability to water is very low in the diluting segment compared to other nephron segments. In diluting segments from rabbits and frogs, water permeability was 5 >< l0-cm2 sec' atm-' (Table 1) , much lower than the value of 177 to 395 X 10 previously found in rabbit proximal convoluted tubules [12] . The permeability to water is so low that there was virtually no reabsorption of water from the isolated diluting segments even when the tubule fluid was very dilute, and there was a large osmotic pressure difference across the epithelium. Sodium chloride was absorbed from the diluting segments of both rabbits and frogs (Table 1 ). In the absence of water reabsorption, this resulted in dilution of the tubule fluid. The rate of reabsorption of salt decreased as the 2Two portions of the diluting segment are recognized anatomically in mammalia. The principal difference is that the cells in the medullary portion are thicker than those in the cortical portion. Both the cortical [10] and medullary [11] portions from rabbit to the sodium concentration difference measured by micropuncture in the early distal tubule of other mammalian species. Thus, the in vitro studies confirmed the inference from the earlier micropuncture studies that sodium chloride is reabsorbed in preference to water from diluting segments.
Transepithelial voltage was found to be oriented positive in the lumen ( 10' cm sec) [13] . Considering the high permeability to sodium in the diluting segment, even the small voltage that is present is sufficient, theoretically, to drive sodium out of the tubule lumen at the rapid rate that is observed. It was concluded that much, and probably all, of the sodium reabsorption from the diluting segment is passive.
Chloride is required for the positive voltage, as demonstrated in Table 2 . In the experiments that are summarized there, the identical solution was used in both the perfusate and bath so that any voltage that appeared was due to transport by the tubules, rather• than to the imposed ion gradients. When the principal salt in the solutions was sodium chloride, the voltage was oriented positive in the lumen. When all of the chloride was replaced by sulfate or nitrate, however, the voltage fell to zero. Not shown in the table, sodium absorption measured in some of the same experiments also fell to zero in the absence of 3lhis finding may explain the observation made in micropuncture studies that reabsorption of salt from the loop of 1-lenle varies directly with the load of salt entering the loop [7] , a form of "glomerulotubular balance." The important changes in the rate of reabsorption of salt most likely occur in the diluting segment, associated with the dependence of transport rate on the concentration of salt in the lumen. 1 presume that in the diluting segment the concentration of salt in the tubule fluid normally reaches a low steady-state value before its end so there is relatively little reabsorption of salt in the terminal portions. An increased load of salt entering the diluting segment presumably changes the profile of salt concentration along the segment, elevating the salt concentration over a portion of the tubule, and thereby enhances reabsorption of salt.
chloride. Thus, chloride is essential for both the voltage and the associated passive movement of sodium. Sodium is not essential for the voltage. After removal of all the sodium and replacement by choline, the voltage remained positive. When the same experiments were performed with isolated proximal convoluted tubules, the results were strikingly different [14] . The voltage across the proximal tubules (oriented negative in the lumen) and the absorption of fluid persisted when all of the chloride was replaced with nitrate, but fell to zero when all of the sodium was replaced with choline. The difference in results is due to the difference in the transport mechanisms in the two segments. Chloride transport is active and primary in the diluting segment and sodium transport is secondary and passive. In the proximal tubules, the opposite is true. The voltage in the diluting segment probably increases with distance along that segment, coincident with the decrease in the concentration of salt that occurs in the lumen. When diluting segments were perfused in vitro with a solution containing a concentration of sodium chloride lower than in the bath, the voltage was higher than when the concentrations were equal. The voltage was approximately 25 my with 60 mmoles of sodium chloride in the perfusate, compared to 6 my with 150 mmoles. The additional voltage could be due to a sodium diffusion potential (from bath to lumen), superimposed on the chloride transport potential, a finding which supports the view that the permeability to sodium exceeds that to chloride. This conclusion was confirmed by measurement with radioisotopes. The higher voltage at the end of the diluting segment is the driving force for the relatively large sodium concentration gradients that develop there. The positive voltage also provides a possible driving force for the passive reabsorption of other cations as well as sodium. There is extensive reabsorption of calcium, magnesium and potassium in the loop of Henle. It is conceivable that these are reabsorbed in the diluting segment by the same passive mechanism as sodium.
Mechanism of action of diuretic drugs
As discussed earlier, the action of diuretic drugs was generally ascribed to inhibition of active sodium reabsorption from the renal tubules. Not all of the evidence favored this view, however. It was noted that the additional urine excreted following administration of the mercurial diuretics contained a relative excess of chloride. The amount of chloride excreted was so great as to exceed at times the amount of sodium. Based on this observation, Schwartz and Wallace [4] and Axelrod and Pitts [5] proposed that the mercurials primarily inhibited chloride transport and that the inhibition of sodium reabsorption was a secondary or passive consequence. Their theory was not generally accepted at the time. There was no other evidence for active chloride transport in the kidney and, in addition, their findings could be rationalized on the basis of active sodium transport [15] . Direct study of the effect of mercurials on the diluting segment, however, now substantiates their theory.
The mercurial diuretics were initially studied by clearance techniques and it was by no means simple to identify their site of action in the nephron. It was eventually concluded that their principal site of action was in the ascending limb of Henle's loop [16] but the results were not clear-cut and interpretation had been the subject of contention. The conclusion was correct, however, as later confirmed by micropuncture studies. In those studies the mercurial diuretic chlormerodrin did not affect salt and water reabsorption in the proximal tubule of dogs, but did cause sodium concentration and osmolality to increase in the early distal tubule, presumed to be a result of inhibition of reabsorption of salt from the diluting segment [17, 18] .
More recently, the effects of mercurial diuretics were studied directly in isolated perfused diluting segments from rabbit kidneys [19] . The mercurial diuretic mersalyl, added to the perfusate, caused both Since the mercurials contain a toxic heavy metal, they have many biological actions and inhibit numerous cellular functions. Therefore, additional studies were required to determine whether the effect observed in vitro was related to the diuretic effect in vivo. Evidence for this was provided by a study of the antagonistic effect of the nondiuretic mercurial pchloromercuribenzoate. Although both p-chloromercuribenzoate and the mercurial diuretics inhibit electrolyte transport in kidney slices [20, 21] and tubule suspensions, and inhibit the renal sodium-and potassium-activated adenosine triphosphatase [22] , pchloromercuribenzoate antagonizes the action of mercurial diuretics in the intact kidney. In dogs, administration of p-chloromercuribenzoate interrupted the diuresis caused by a mercurial diuretic and, after p-chloromercuribenzoate was given, the mercurial diuretic was no longer effective [23, 24] . The result was identical in the isolated diluting segments.
When p-chloromercuribenzoate replaced mersalyl in the perfusate (or was added in the presence of mersalyl), the voltage immediately returned to the control value and the transport of chloride was restored [19] . p-Chloromercuribenzoate restored the voltage much more rapidly than did the removal of mersalyl itself. The observation that p-chloromercuribenzoate and mersalyl are antagonists in the isolated tubules in vitro just as they are in vivo suggests that the effects of the diuretic in vitro are related to its specific diuretic action in vivo.
In order to act as a diuretic, the organic mercurial must be present in the tuble lumen. A low concentration of mersalyl (3 X l0M) inhibited active chloride absorption from isolated rabbit diluting segments when present in the perfusate (Table 3) , but had no effect in the bath (Fig. 1 ). Higher concentrations in the bath were inhibitory, but the effect was slower in developing and did not reverse when the drug was removed. The action of high concentrations of mersalyl in the bath was prevented when the bath contained serum, rather than a simple salt solution. The mercurials presumably are bound to plasma proteins while in the circulation, which reduces their toxicity. The drugs probably reach the tubule fluid (where they are active) following secretion by the proximal tubules, although the evidence concerning the latter point is conflicting [16, 25] .
Mersalyl had no measurable effect on the permeability to sodium and chloride across the isolated diluting segments. It presumably inhibits the active chloride transport more or less directly, although the molecular mechanism is uncertain. At one time the mercurials were the most potent diuretics available and therefore were widely used.
They were also the subject of numerous investigations. The principal questions raised during those investigations have not been fully answered and may never be, since the mercurials now are largely supplanted by more modern drugs. One question was why the action of mercurial diuretics is so sensitive to acid-base balance. Repeated administration of mercurial diuretics leads to metabolic alkalosis. During alkalosis the drugs are ineffective, limiting their use--10 0 10 20 30 40 50 60 miii fulness [16] . Because of this therapeutic problem, the relationship between drug action and pH was widely studied. Acidifying salts were found to enhance diuresis and alkalinizing salts to reduce it. It was disputed whether the pH of the tubule fluid [25] or the plasma chloride concentration [5] was the important factor. Against the first possibility, there was no effect of pH of the perfusate on the action of mercurials in isolated perfused diluting segments [19] . Recently, a new explanation was suggested for the effect of pH. Since the citrate concentration in the urine is elevated during alkalosis, the excess citrate might inactivate mercurials in the tubule lumen by chelation [26] .
Another question was the chemical form in which the mercurials acted. It was disputed whether the intact organic mercurial molecule was the active form [27] , or whether it was the mercuric ion released from the organic molecule or from its cysteine complex [25] . The latter possibility seems unlikely on the basis of the studies of the isolated tubule. Although low concentrations of mercuric chloride in the perfusate caused the voltage across the isolated diluting segments to decrease, the effect was slower in developing than that caused by mersalyl and did not reverse, either spontaneously on removal of the mercuric chloride or when p-chloromercuribenzoate was added [19] . Mercuric cysteine had no effect even at a high concentration. It was concluded that the effect of mercuric ions is qualitatively different from that of the organic mercurial diuretics and, therefore, it is unlikely that the diuretic action in vivo is caused by release of mercuric ions from the organic mercurials. Ethacrynic acid is one of a class of aryloxacetic acid derivatives that were synthesized in order to produce more effective diuretic agents than the organic mercurials, which were the most potent diuretics then known [28] . Ethacrynic acid proved to be an extremely potent diuretic, even more effective than the organic mercurials [16] .
The renal site of action of ethacrynic acid was identified by the clearance technique to be the diluting segment [16] . Although there have been no micropuncture studies of distal tubules which might test this point directly, the results of in vitro perfusion of rabbit diluting segments were confirmatory [29] .
When the drug was added to the perfusate, the transepithelial voltage and the rate of chloride absorption decreased (Table 3) . Therefore, ethacrynic acid acts by inhibiting active chloride transport in this segment in a fashion analogous to the effect of the mercurial diuretics. The drug had little effect on the permeability to sodium or chloride [29] .
The active form of the drug is not ethacrynic acid itself. When ethacrynic acid is ingested, it becomes chemically modified. The major urinary excretion product is its cysteine adduct [28] . Ethacrynic-cysteine in the lumen of diluting segments inhibited active chloride transport at a hundred-fold lower concentration than did ethacrynic acid itself (Fig. 2) . Ethacrynic acid is very active in biological systems and has multiple effects on isolated tissues (reviewed in [29] ), but most of these probably are not related to its diuretic action. The drug affects sodium transport in toad bladders, red blood cells, muscle cells, oocytes, intestinal cells and renal cells. However, it is inhibition of active transport of chloride, not sodium, that is responsible for its diuretic effect. Ethacrynic acid inhibits respiration and glycolysis in both intact cells and tissue homogenates from nonrenal and renal tissue. However, the concentration of the drug required to inhibit glycolysis is higher than that present in vivo during diuresis [30] . Ethacrynic acid also inhibits the sodium-and potassium-activated adenosine triphosphatase. The enzyme is not inhibited, however, in kidneys removed during diuresis caused by ethacrynic acid [31] . Most in vitro effects of ethacrynic acid were elicited only by a high concentration of the drug. Approximately l0-3M was used in most studies; 10-4M generally had little effect. Further, the addition of cysteine or dithiothreitol blocked the effects of ethacrynic acid. When ethacrynic acid itself was perfused into isolated renal diluting segments, a similarly high concentration was required for inhibition (Table 3 and Fig. 1) . In contrast to the effects in other tissues, however, premixing the ethacrynic acid with cysteine (forming the adduct) greatly increased its inhibitory effect in the renal tubule. Therefore, the effect on chloride transport in the diluting segment differs .. qualitatively from the numerous effects in other tissues. The effect of ethacrynic-cysteine on the diluting segment in vitro depended on whether the drug was present in the perfusate or in the bath. Whereas a low concentration (3 >< lO6M) of ethacrynic-cysteine in the perfusate inhibited chloride transport, a higher concentration (lO-5M) in the bath had no effect [29] . Evidently, the ethacrynic-cysteine must be present in the tubule lumen to exert its diuretic effect. Since ethacrynic acid is bound to plasma proteins, its gbmerular filtration is limited. Most of the drug that reaches the tubule fluid probably is secreted via the organic acid transport system in the proximal tubules [28] . A high concentration (lO-M) of ethacrynic acid in the bath caused the voltage across diluting segments to decrease, but the effect was irreversible and was presumed to be a toxic action [29] . The same concentration of ethacrynic acid in the bath had no effect when the bath contained serum rather than a simple salt solution. The effect of ethacrynic acid in the bath was, as noted above, considered to be a toxic reaction. In vivo toxicity presumably is prevented by binding of the drug to proteins or complexing with thiols in the blood. Perhaps these characteristics explain how a compound as reactive as ethacrynic acid can greatly reduce salt reabsorption in the renal diluting segment with so little toxicity in the kidney and in other tissues.
Furosemide is a potent diuretic whose action is rapid in onset and subsides quickly when the drug is removed. It was concluded on the basis of clearance studies that the drug inhibits sodium chloride reabsorption in the diluting segment [16] . Micropuncture findings were confirmatory. Fluid sampled from the early distal convoluted tubule of rats treated with small doses of furosemide contained a higher concentration of sodium chloride than samples from untreated animals [8, 9, 16, 32, 33] .
When diluting segments from rabbits were studied in vitro, a low concentration of furosemide in the perfusate (105M to 106M) inhibited the active chloride transport that is responsible for sodium chloride reabsorption in this segment [34] . The effect was extremely rapid in onset, requiring only a few seconds. The drug caused both the rate of chloride absorption and the voltage to decrease (Table 3 and Fig. 3 ). In contrast lO-4M furosemide placed in the bath had little effect (Fig. 4) . Like the mercurials and ethacrynic acid, the drug evidently acts at the lumen surface.
Since furosemide is bound to plasma proteins, it probably does not reach the tubule fluid to any great extent via glomerular filtration. It is secreted into the tubule fluid in the proximal tubules [35] by the organic acid transport system. Probenecid, which is a competitive inhibitor of transport by this system, blocked the diuretic effect of small doses of furosemide [36] presumably by preventing access of the drug to tubule fluid.
Furosemide also caused the permeability to sodium chloride and the electrical conductance of isolated diluting segments to decrease [34] . The effect was small, however (the electrical conductance decreased only 12%), and the decrease in sodium chloride reabsorption was attributed to inhibition of active chloride transport rather than to the change in permeability.
The way in which furosemide inhibits chloride transport is not understood. Recently, furosemide was reported to inhibit active chloride transport across the frog cornea [37] , a preparation which may be more conveniently studied experimentally than the isolated tubule. It is possible that further study of that system will elucidate the drug's molecular action. 
Specificity of action of diuretic drugs
The action of the diuretic drugs discussed above is specific to the diluting segment. Although they may affect other nephron segments, particularly at high concentrations, their usefulness as diuretics depends on their effect in the diluting segment. This specificity of drug action corresponds to the differing nature of the mechanism for transporting sodium chloride in particular segments. For example, a low concentration (lO-5M to 106M) of amiloride in the perfusate inhibited sodium chloride reabsorption by cortical collecting tubules, but a much higher concentration (lO-4M) had no effect on diluting segments [13] . Conversely, furosemide inhibited diluting segments at a low concentration (lO5M to lO6M), but a higher concentration (lO4M) had no effect on collecting tubules [34] . Similarly, acetazolamide (lO-5M) inhibited fluid absorption by proximal convoluted tubules, but a higher concentration (lO M) had no effect on diluting segments (Burg M, Green N, unpublished observations). The reason for these differences is that reabsorption of sodium chloride from collecting tubules is driven primarily by active sodium transport [13] which is inhibited by amiloride. In the diluting segment active chloride transport is the driving force and it is inhibited by furosemide [34] . In the proximal tubule active sodium transport is the driving force, and, since it depends in part on bicarbonate [38] , it is inhibited by acetazolamide.
The question arises as to why inhibition of sodium chloride reabsorption in the diluting segment is so much more effective in causing diuresis than is inhibition of the other nephron segments. A likely explanation is that the diluting segment is the most distal part of the nephron that can reabsorb a large fraction of the filtered salt. Proximal tubules also reabsorb a large fraction of the filtered salt, but when the reabsorption of sodium chloride in that segment is inhibited (as by an inhibitor of carbonic anhydrase), there is a compensatory increase in the reabsorption of sodium chloride in the diluting segment, so that little, if any, additional sodium chloride is delivered distally [39] . The diluting segment has a large reserve capacity for the reabsorption of sodium chloride, but that of the distal convoluted tubules and collecting tubules is smaller [71. Therefore, when diuretic drugs inhibit sodium chloride reabsorption in the diluting segment, a significant fraction of the excess salt in the tubule fluid is excreted. Further, since relatively little of the filtered sodium chloride normally is reabsorbed in the distal tubules and collecting ducts, inhibition at those sites (as by amiloride or triamterene) causes only a modest diuresis.
Returning to the problem posed at the beginning, we may ask how the diuretics inhibit sodium transport extensively in the kidney tubules with so little effect on sodium transport elsewhere in the body. Two explanations derive from the studies reviewed above. First, the best diuretics inhibit active chloride transport in the diluting segment at much lower concentration than is required to inhibit sodium transport elsewhere in the body. Second, these drugs probably are not active in plasma. Binding of the drugs to proteins or thiols probably protects nontarget cells. Only when the drugs have been secreted by the proximal tubules into the tubule fluid are they free to interact with their target, the lumen surface of the cells of the diluting segment.
Additional questions
Numerous important questions remain unanswered regarding active chloride transport in the diluting segments and the action of diuretic drugs.
For example, the diluting segment contains a relatively high concentration of sodium-and potassium- 
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Control Control activated adenosine triphosphatase [40] and the action of high doses of furosemide reportedly is accompanied by inhibition of the enzyme [41] . Also, ouabain, which is believed to inhibit active sodium transport more or less directly through its action on the adenosine triphosphatase, was found to inhibit active chloride transport in the diluting segments [10, 11] . A better understanding is needed of the role of the adenosine triphosphatase in sodium chloride transport by the diluting segments in order to evaluate these interrelationships.
As indicated earlier, secretion of diuretics by the organic acid transport system in proximal tubules is important for drug action, We may ask whether the function of proximal tubule cells is affected by the drug that they are transporting. Finally, what is the molecular mechanism underlying active chloride transport in the diluting segments? Where in the cell does the "pump" lie and what is its nature? How do the diuretic drugs affect the chloride transport on a molecular level? The fragments of tubules used for many of the studies quoted above are so small that to answer such questions using this preparation will be extremely tedious, if not impossible. It is desirable to find a chloride transporting tissue, sensitive to the diuretic drugs, and more easily studied than are kidney tubules. This might be used to study the chloride transport system just as toad bladder and frog skin have been used to elucidate active sodium transport. A step in this direction has already been made by the discovery of an active chloride transport system responsive to diuretic drugs in the frog cornea [37] .
Summary
The renal diluting segment (thick ascending limb of Henle's loop) reabsorbs sodium chloride in excess of water and is responsible for dilution of the urine as well as reabsorption of a large fraction of the salt present in the glomerular ultrafiltrate. In this segment, there is active reabsorption of chloride which causes the voltage to be positive in the tubule lumen. Most, if not all, of the sodium transport is passive, driven by the voltage. Three major diuretic drugs (mersalyl, furosemide and ethacrynic acid) act in the lumen of the diluting segment to inhibit active chloride transport, not sodium transport as previously believed. This specific action on chloride transport may explain how these drugs are able to inhibit salt transport in the kidney while having so little effect on the electrolyte transport processes elsewhere in the body.
